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Aging and atherosclerosis are major risk factors for stroke and have been associated with a decrease in NO production and an increase in reactive oxygen species (ROS) generation (31) , two phenomena that could promote a decrease in CBF (6, 22) . Atherosclerotic plaque progression in carotid arteries is associated with ischemic stroke and reduced perfusion to the brain, which are major contributors to cognitive decline as well as a critical and determining factor for dementia. ROS have been thought to attack neurons and induce cognitive decline in rats (35) , neurodegenerative diseases such as Alzheimer's disease and Parkinsonism (35) , and neurodegenerative diseases in mice (15) . It is not well documented, however, if the cerebral vasculature is also highly sensitive to oxidative stress, leading to endothelial dysfunction and impaired CBF responses to an increase in metabolic demand.
Catechin is a polyphenol antioxidant that has been shown to slow the atherogenic process (9, 23) , as well as the decline in the learning ability associated with brain hypoperfusion (44) . In a rat model of Parkinson's disease, resveratrol, another polyphenol, has been shown to protect from neuronal death (25) . When green tea is given to rats, polyphenols can cross the blood-brain barrier and display neuroprotective effects, partly by improving the endothelial function via a reduction in lipid peroxidation (16, 17) . Likewise, a recent clinical study suggests that the daily consumption of green tea reduces the risk of stroke (30) . We therefore hypothesized that a chronic catechin treatment would protect the endothelial cell function in cerebral arteries of atherosclerotic mice and thus prevent an atherosclerosis-associated decline in CBF responses, which could, ultimately, improve their learning capacities.
MATERIALS AND METHODS
Animals and tissue preparation. The procedures and protocols were reviewed and approved by our institutional independent review board and followed the Guide for the Care and Use of Laboratory Animals of Canada. Animals were kept under standard conditions (24°C; 12:12-h light-dark cycle). We used 3-and 6-mo-old C57Bl/6 male mice [wild type (WT), body weight of 29 Ϯ 1 and 37 Ϯ 2 g, respectively, n ϭ 32; Charles River Laboratories, St. Constant, QC, Canada] and atherosclerotic mice (ATX, body weight of 25 Ϯ 1 and 31 Ϯ 2 g, respectively, n ϭ 34); the latter are knockout for the low-density lipoprotein (LDL) receptor but express the human apolipoprotein B-100 gene (LDLR Ϫ/Ϫ hApoB ϩ/ϩ ). The founders of the colony of ATX mice were generously provided by Dr. H. H. Hobbs (University of Texas Southwestern, Dallas, TX). A group of ATX mice received a chronic treatment (from 3 to 6 mo old) with the antioxidant catechin (98% purity; Sigma-Aldrich). These mice received catechin in their drinking water [ATX ϩ CAT; 30 mg·kg Ϫ1 ·day Ϫ1 as previously described (9, 10) , body weight of 34 Ϯ 2 g; n ϭ 42]. All mice were fed with a normal standard diet (Tecklad 2014S; Harlan Laboratories, Montreal, QC, Canada) since ATX mice develop spontaneous atherosclerotic lesions.
Blood pressure and blood analyses. Mice (3 and 6 mo old) were killed by exsanguination under anesthesia (isoflurane 2.5% in 0.5 l/min O2, 30 -45 min duration), after monitoring heart rate (HR) and cardiac function (systolic and diastolic blood pressures) using a Millar catheter inserted in the left ventricle via the carotid artery, as previously described (7) . The measures of blood pressure and HR in anesthetized mice were taken when a steady state was reached, and represent an average value.
Plasma was collected from a blood sample and frozen at Ϫ80°C. Total cholesterol, LDL, and triglycerides were measured in the hospital's biochemical laboratory (9, 10) .
Reactivity studies. The brain was rapidly removed from the cranial cavity and placed in an ice-cold physiological saline solution (PSS) of the following composition (mmol/l): 130 NaCl, 4.7 KCl, 1.6 CaCl2, 1.17 MgSO 4, 14.9 NaHCO3, 1.18 KH2PO4, 0.026 EDTA, and 10 glucose. As previously described (8) , cerebral arteries from the circle of Willis were isolated, cannulated at both ends, and pressurized at 60 mmHg (internal diameter of 136 Ϯ 2 m; n ϭ 15) in PSS oxygenated by a gas mixture containing 12% O2, 5% CO2 and 83% of N2, generating a PaO 2 of 150 Ϯ 10 mmHg (n ϭ 5). Briefly, after an equilibration period to allow myogenic tone (MT, the contractile response of resistance arteries to an increase in intraluminal pressure) to develop, the arteries were preconstricted with phenylephrine (PE) using a concentration ranging from 10 to 30 mol/l. On PE-precontracted arteries, dose-responses curves to ACh (0.1 nM to 30 M) were constructed. We used N -nitro-L-arginine (L-NNA; 10 mol/l) to investigate the implication of nitric oxide synthase (NOS) in ACh-induced dilations. On different arteries, flow-mediated dilation (FMD) was induced using a flow control peristaltic pump (Living Systems Instrumentation, Burlington, VT) directly connected to the pressure myograph: a single cumulative FMD curve (from 0 to 25 l/min, 2-or 5-l step increase at constant internal pressure) was performed on each segment, as previously described (8) , in the absence and in the presence of L-NNA. Shear stress was calculated using the following equation: t ϭ 4Q/r 3 , where t is the shear stress (dyn/cm 2 ), the viscosity [0.009 P (8, 26) ], Q the flow rate (ml/s) through the lumen, and r the inside radius (cm). FMD are expressed as changes (%) in diameter, normalized to the maximum passive diameter; they were calculated according to the following formula, as previously reported (8) 
where D max is the maximal diameter in Ca 2ϩ -free solution, b is the diameter reached by the vessel during the steady state of the flow response, and a is the preflow diameter (i.e., the minimal diameter obtained by exposure to PE). FMD are presented in Fig. 1 as the dilation obtained for a given shear stress.
Plaque area quantification. The thoracic aorta was removed from mice and carefully dissected from surrounding tissues. The vessel was opened longitudinally and a picture was taken. Plaque area quantification was calculated using Photoshop software and expressed as a percentage of the aortic area (9) .
Quantification of superoxide production. The oxidative fluorescent probe dihydroethidium (DHE; Sigma-Aldrich Canada, Oakville, ON, Canada) was used to evaluate in situ superoxide production on aorta sections (9, 29) and on basilar artery sections. DHE is a cell permeable dye that is oxidized by superoxide to ethidium bromide, which subsequently intercalates with DNA and is trapped within cell nuclei. DNA counterstaining was performed using To-Pro-3 (Molecular Probe, Burlington, ON, Canada). Frozen aortic and basilar artery segments were cut into 14-m-thick sections. Sections were doublestained with a mixture of 5 mol/l DHE and 2 mol/l To-Pro-3. Fluorescence was visualized with a scanning confocal microscope LMS 510 (Carl Zeiss, Oberkochen, Germany) with an oil ϫ40/1.3 Plan-Apochromat objective for aorta sections and an oil ϫ63/1.4 Apochromat objective for basilar sections (Ex: 490 nm, Em: 520 nm). The camera's acquisition settings were identical for all images. Computer-based analysis was performed using Image J software and calculated by the following equation: Iϭ ΑI/(A/N), where I is the fluorescence intensity, ΑI the summation of all nuclei intensity, A the total area of the nuclei, and N the number of nuclei used. Data are expressed as an average fluorescence per nucleus.
Quantification of basal CBF. Blood flow measurements of small brain arteries were performed using a Doppler optical coherence tomography (OCT) System with reconstruction of flow speed using a moving-scatterer-sensitive reconstruction technique adapted from Ref. 39 . The system is based on an infrared Super Light Emitting Diode (EXS8710 -2411; Exalos, Langhorne, PA) with a center wavelength of 870 nm, a spectral width of 65 nm, and a typical output power of 5 mW providing 2.5 mW of power on the sample. This light source yields a theoretical axial resolution of 7 m. A custom-built spectrometer was used as the detector using a 1,200 line/mm volume phase holographic grating (Wasatch photonics, Logan, UT) and a high-speed 2048 pixel line camera (Sprint spL2048 Ϫ140k; Basler, Exton, PA). The maximum acquisition speed of the camera was 67k A-lines per second, but hard-drive writing limited acquisition to 15k A-lines/s. At this acquisition rate, the maximum detectable Doppler blood flow speed was 3 mm/s. The pixel density corresponded to a wavelength step of ⌬ ϭ 0.05 nm/pixel translating into a wave number step of ⌬k ϭ 415 m Ϫ1 /pixel. This led to a depth of field of ϳ3 mm in air. Scanning on the sample was performed using a dual galvanometer system (Thorlabs, Newton, NJ) imaged using a telescope (f1 ϭ 150 mm and f2 ϭ 50 mm) on the back aperture of a ϫ10 (UMPLFLN 10XW; Olympus, Markham, Ontario) infinity-corrected objective. Figure 2 shows a schematics of the system. Before the in vivo studies, the system was validated for its ability to quantify blood flow in phantoms reproducing absorption and scattering properties of brain tissues in which small capillary tubes were inserted to model small vessels. Doppler measures were consistent with flows generated by a syringe pump over the range Ϫ3 to 3 mm/s.
The mice were anesthetized with somnotol (65 mg/kg). Skin was removed from the top of the head, and imaging was performed directly through the skull. Series of volume acquisitions were done on each mouse with scan dimensions of 800 ϫ 800 m and an imaging depth of 1.7 mm. Arteries were found at a distance ranging between 200 and 400 m from the skull. According to the procedure outlined in Ref. 41 , quantitative blood flow (nl/s) was calculated in each mouse on plunging arteries found in each three-dimensional volume data set. An average of three distinct arteries were used per animal. Vessel diameter was estimated as the smallest cross section of the vessel crossing the horizontal imaging plane; arteries with a diameter between 30 and 120 m were used for the analysis. Blood flow was then estimated by integrating speed over the area of interest (nl·s Ϫ1 ·mm Ϫ2 ) to normalize the data and to compare basal CBF between different animals.
Laser Doppler flowmetry. Laser Doppler flowmetry was used to measure changes in cortical CBF during neuronal stimulation (Transonic Systems, Ithaca, NY), but not basal CBF (34) . Anesthetized mice (ketamine, 80 mg/kg ip) were fixed in a stereotaxic frame, and the bone over the barrel cortex was thinned to translucency using a dental drill. Body temperature was maintained at 37°C using a heating pad. The mice undergoing CBF measurement were not ventilated; neither Pa O 2 , PaCO 2 , nor pH was controlled; however, physiological parameters such as blood pressure, HR, and respiratory rate were very stable during prolonged anesthesia (data not shown). Changes in CBF were recorded before, during, and after whisker stimulation (20 s at 8 -10 Hz), with four to six recordings acquired every 30 -40 s and averaged for each mouse. Cortical CBF changes were expressed as the percentage increase relative to baseline.
Morris water maze. Mice were tested for their learning abilities using a Morris water maze apparatus (160 cm in diameter and 45 cm high) (40) . The maze was located in a quiet test room, surrounded by four visual cues on the pool border. All groups were tested for five consecutive days in a circular pool filled with water (19°C, clouded with powdered skim milk). The pool contained a transparent platform (10 cm in diameter) submerged 1.5 cm below the water surface in the center of the northwest quadrant (3, 32) . Mice were randomly started from each of the four positions (south, east, west, and north), and they used visuospatial cues to find the hidden platform that remained in the same quadrant throughout testing. Their movements were automatically recorded using HVS 2020 tracker and analyzed with the Water 2 . Schematic of optical coherence tomography (OCT) system design. SLED, super luminescent diode; PC, polarization controllers; P, dispersion compension prisms; VND, variable neutral density filter; M, reference mirror; G, dual galvanometer scanners; f, sample arm telescope lenses; O, objective; S, sample; VPHG, volume phase holographic grating; FT, F-theta lens; CCD, charge-coupled device line camera. 2020 software (HVS Image, Hampton, UK). Escape latencies, i.e., the time needed to find the platform (maximum 120 s) from the four starting points, were measured daily and individually and used to trace a learning curve. The slope of this learning curve is an index of the learning capacities. On the 6th day, the mice were administered two cue trials (30 s in duration) during which the platform was made visible by lowering the water level 2 cm below the top of the platform. The cue trials were conducted to confirm the absence of physical and visual incapacities.
Statistics. n refers to the number of animals used in each protocol. Continuous variables are expressed as means Ϯ SE. Paired t-test was performed to study the effects of L-NNA on MT. Unpaired t-test was performed to study the effects of L-NNA on ACh-induced dilation and FMD. One-way ANOVA followed by Tukey's test as post hoc test was used to compare each parameter among the different groups of mice. Performances in the Morris water maze were evaluated by three-way (learning curve) and one-way (cue test) ANOVA followed by Tukey's test as post hoc test (Sigma Stat 2.0; SPSS, Chicago, IL). The results were considered to be statistically significant when the P value was Ͻ0.05.
RESULTS
Cardiac function, aortic histology, and blood analyses. The HR was stable in WT and ATX mice at 3 and 6 mo old (Table 1) . Systolic, diastolic, and mean arterial pressures were increased in 3-and 6-mo-old ATX but not in aged-matched WT mice (Table 1) . Catechin treatment had no significant effect on the HR and blood pressure (Table 1) , as previously reported (9, 10) . However, catechin tended to increase blood pressure in ATX mice by 8 -12 mmHg (P Ͼ 0.05).
ATX mice had higher cholesterol, LDL, and triglyceride levels at 3 and 6 mo old compared with WT mice (Table 1) . High-density lipoprotein (HDL) levels were unchanged. The 3-mo treatment period with catechin did not affect cholesterol, LDL, HDL, and triglyceride levels ( Table 1 ). The aortic plaque area was not significant in WT mice and 3-mo-old ATX mice, whereas it increased significantly in 6-mo-old ATX mice. Catechin limited plaque growth in 6-mo-old ATX mice (Fig. 3A) . In ATX mice, atherosclerotic lesions were also present in carotid arteries, but they were not observed in cerebral vessels (data not shown).
Oxidative stress. In adult 6-mo-old WT mice, aortic superoxide production (assessed by DHE staining) was higher than in 3-mo-old mice (Fig. 3B) . In contrast, superoxide production was more elevated in 3-mo-old ATX mice and did not further increase at 6 mo of age. Catechin treatment significantly reduced superoxide production in 6-mo-old ATX mice (Fig.  3B) . Surprisingly, in basilar arteries, the estimated oxidative stress was higher in arteries from 3-mo-old mice, in either WT or ATX mice, than in vessels from 6-mo-old mice (Fig. 4) . Thus oxidative stress did not rise in cerebral arteries between 3 and 6 mo of age and with dyslipidemia, in contrast to what was observed in the aorta. Catechin treatment, however, reduced superoxide production in basilar arteries from 6-mo-old ATX mice, demonstrating its antioxidant effect (Fig. 4) .
MT. MT was higher in cerebral arteries isolated from 3-and 6-mo-old ATX mice compared with age-matched WT (Fig. 5) . In ATX mice, MT was higher in 6-than in 3-mo-old mice. Inhibition of the basal activity of NOS by L-NNA increased MT in 3-mo-old WT and ATX mice but not in arteries isolated from 6-mo-old WT and ATX mice (Fig. 5) . Catechin treatment prevented the increase in MT in vessels isolated from 6-mo-old ATX mice and restored the inhibitory effect of L-NNA (Fig. 5) .
Dose-responses curves to ACh. Dilatory responses to ACh were similar in 3-and 6-mo-old WT mice (Fig. 6 , A and D) and were significantly reduced by L-NNA, suggesting a role for endothelial nitric oxide synthase (eNOS) in the dilatory process. However, ACh-induced dilations were significantly lowered in arteries isolated from 3-mo-old ATX mice (Fig. 6, B  and D) , and even more in arteries isolated from 6-mo-old ATX mice; in the latter, the responses to ACh were unaffected by L-NNA. Treatment with catechin prevented endothelial dysfunction and restored the inhibitory effect of L-NNA (Fig. 6, C  and D) . Although the sensitivity (EC 50 ) to ACh was similar between groups (data not shown), the efficacy (maximal dilation) of ACh was affected by age and atherosclerosis (Fig. 6D) .
FMD. There is a direct and positive correlation between the applied flow rate and the induced shear stress (Fig. 7) . In an artery of 80 -170 m inner diameter, flow rates from 2 to 25 l/min induce shear stresses from 1.4 -6.9 to 13.5-44.1 dyn/ cm 2 , i.e., in the physiological range (36) . Figure 1 presents flow dilations obtained at a given shear stress and shows that the sensitivity to shear stress decreases with age in both cerebral arteries from WT and ATX mice (Fig. 1A) : at a given shear stress, FMD is lower in 6-mo-old mice. In addition, the sensitivity to shear stress is lower in cerebral arteries from Values are means Ϯ SE; n ϭ 8 -10 mice in each group. WT, wild type; ATX, atherosclerotic; CAT, catechin; HR, heart rate; SAP, systolic arterial pressure; DAP, diastolic arterial pressure; MAP, mean arterial pressure; HDL, high-density lipoprotein; LDL, low-density lipoprotein. P Ͻ 0.05 vs. 3-mo-old WT (*) and vs. 6-mo-old WT ( †).
ATX mice than from age-matched WT mice: at a given low shear stress (Ͻ15 dyn/cm 2 ), FMD are lower in ATX mice (Figs. 1A and 7) . In addition, the shear stresses induced by applied flow rates are higher in ATX mice. In contrast, catechin treatment improved the amplitude of FMD but not the sensitivity to shear stress (Fig. 1A) . Because FMD in cerebral arteries are largely dependent on the activation of the eNOS pathway (8, 21 , 27), we tested the effects of L-NNA; in the presence of the NOS inhibitor, shear stress induced by flow significantly increased, particularly in cerebral arteries from WT mice, reflecting the role of eNOS in these mice (Fig. 1B) . FMD were significantly reduced by L-NNA in vessels isolated from 3-mo-old WT mice and to a lesser extent in arteries from 6-mo-old WT mice (Fig. 1B) , suggesting a premature decline in eNOS activity. In cerebral arteries isolated from ATX mice, NOS inhibition did not further reduce FMD (Fig. 1B) . A 3-mo treatment with catechin restored the inhibitory effect of L-NNA (Fig. 1B) .
Basal CBF. OCT Doppler-derived CBF is presented in Fig. 8A . Basal CBF was consistently lower in ATX or ATX ϩ CAT mice compared with WT mice (P Ͻ 0.001). No significant difference was observed between basal CBF in the treated and untreated groups (Fig. 8A) .
Changes in CBF induced by neuronal stimulation. Following whisker stimulation, the increase in cortical CBF in 3-moold WT mice (32 Ϯ 1%) was slightly but significantly higher than in 6-mo-old WT (29 Ϯ 1%, P Ͻ 0.05) and in 3-mo-old ATX (26 Ϯ 0%, P Ͻ 0.05) mice (Fig. 8B) . The reduced changes in CBF observed with age in 6-mo-old WT mice (8% reduction) and with atherosclerosis in 3-mo-old ATX mice (19% reduction) were exacerbated (29% reduction) in 6-moold ATX (increase in CBF: 21 Ϯ 1%, P Ͻ 0.05) (Fig. 8B) . Catechin treatment restored the response to a level similar to that measured in 6-mo-old WT mice (increase in CBF: 30 Ϯ 2%, P Ͻ 0.05) (Fig. 8B ). There was a positive correlation between FMD and increases in CBF (Fig. 8C) , suggesting, as Fig. 3 . Effect of a 3-mo treatment with the antioxidant CAT (n ϭ 6) on the atherosclerotic plaque area in the thoracic aorta (A) and the superoxide production quantified by dihydroethidium (DHE) staining (B) in aortic histological sections of 3-and 6-mo-old WT (n ϭ 4 and 6, respectively) and ATX (n ϭ 5 and 6, respectively) mice. C: representative images of DHE staining in the different groups of mice. Data are means Ϯ SE of n mice. One-way ANOVA: P Ͻ 0.05 vs. 3-mo-old WT (*), vs. 3-mo-old ATX ( †), vs. 6-mo-old WT ( ‡), and vs. 6-mo-old ATX ( §).
expected, that cortical CBF responses are largely dependent on the endothelium-dependent dilatory capacity.
Learning abilities. The duration time for each mouse to find the hidden/submersed platform (escape latency, in s) and the travel distances (path, in cm) decreased throughout the 5 days of the test in both types of mice, at both ages, demonstrating a learning capacity (Fig. 9 and Table 2 ). The statistical analysis also suggests that the age and the disease status of the mice influence the path but not the escape latency, measured individually at each day of the experiment (Table 2) . However, the calculated slopes of the linear regressions of the escape latency curves (as an index of the learning capacities) illustrate a significant decrease in the learning capacity in 6-mo-old ATX compared with 3-mo-old ATX mice (Fig.  9B) . In contrast, the learning capacities were not affected in WT mice (Fig. 9B) . Catechin treatment improved the learning capacity of 6-mo-old ATX mice, as shown by an increase in the slope of the escape latency curve compared with untreated mice (Fig. 9B ). All mice swam at the same speed, and all found the visible platform in the cue trial, demonstrating similar physical or visual capacities to reach the platform (data not shown).
DISCUSSION
Our results in ATX mice suggest that oxidative stress could be a potential link between in vitro endothelial function, in vivo CBF responses, and learning abilities: the antioxidant catechin reduces aortic and cerebral DHE fluorescence, a marker of oxidative stress, prevents the decrease in cerebral eNOS activity associated with age and dyslipidemia, and improves the endothelial dilation to a rise in flow. A dysfunctional FMD in response to a neuronal stimulation could limit perfusion, leading to local ischemia and neuronal death and, consequently, promote with time a decline in the learning abilities. Accordingly, catechin restored CBF responses and preserved the learning abilities. Catechin, however, did not normalize the resting flow, suggesting that, at 6 mo of age, the decrease in resting CBF does not explain the cognitive deficit. Through the basal activity of eNOS, the endothelium is a strong regulator of the vascular tone. In our study, compared with WT mice, MT induced by an intraluminal pressure of 60 mmHg was greater in cerebral arteries isolated from ATX mice and was insensitive to L-NNA, suggesting a dysfunctional resting eNOS activity. In addition, eNOS activity is largely responsible for ACh-induced dilation and for FMD: L-NNA strongly reduced these responses in WT mice, to a lesser extent in 3-mo-old ATX mice, and was inactive in vessels isolated from 6-mo-old ATX mice (Figs.  1 and 6) . Altogether, our data on ACh-induced dilation, FMD, and MT point to a decrease in eNOS function as soon as at the age of 3 mo in ATX mice, whereas it is relatively unaffected in WT mice of up to 6 mo of age. This is associated with a reduction in the expression of eNOS proteins in ATX mice (data not shown), although neither ACh-induced dilation nor FMD correlate well with the expression of eNOS protein: while catechin restores both flow and ACh responses, the antioxidant did not increase eNOS expression (data not shown) but improved its activity. We also observed that catechin increased Mn-superoxide dismutase (SOD) expression in the mouse's cerebral circulation (data not shown), which could also contribute to the beneficial effect of the antioxidant on FMD and AChinduced dilation and on NOS function in general. This is consistent with a previous study suggesting that SOD applied topically to the cerebral cortex prevented endothelial dysfunction (20) .
An increase in flow is one of the most appropriate physiological stimuli to study in vitro endothelial dilatory function. The response to flow is possibly a combination of both dilatory (endothelium-dependent) and contractile (endothelium-independent) responses, with the final level of tone resulting from the interaction between the two (42). The intrinsic and neurohumoral mechanisms that regulate tone vary between arteries from different size and from different regions of the brain. In the present study, flow was applied on pressurized cerebral arteries of the mouse, induced shear stresses in the physiological range, and promoted endothelium-dependent dilations. Flow-induced contractions were never observed, even when flow rate was increased to extraphysiological shear stresses (data not Fig. 6 . Dose-response curves to ACh in pressurized cerebral arteries isolated from 3-and 6-mo-old WT (n ϭ 8 and 6, respectively) (A) and ATX (n ϭ 8 and 7, respectively) (B) mice, before and after acute addition of L-NNA (10 mol/l). C: dose-response curves to ACh in pressurized cerebral arteries isolated from 6-mo-old ATX mice treated (n ϭ 5) or not (n ϭ 7) with CAT. In the dose-response curve to ACh, only dilations obtained at the maximal concentration of ACh (10 M) were compared between groups (one-way ANOVA). D: efficacy of ACh, or maximal dilation to ACh, in the different groups of mice. Data are means Ϯ SE of n mice. One-way ANOVA: P Ͻ 0.05 vs. 3-mo-old WT (*), vs. 3-mo-old ATX ( †), vs. 6-mo-old WT ( ‡), and vs. 6-mo-old ATX ( §). Unpaired t-test: a P Ͻ 0.05 vs. control condition in the absence of L-NNA.
shown). In cerebral arteries, FMD is implicated in various physiological phenomena such as CBF autoregulation and functional hyperemia (12) . When neurons increase their metabolic demand, there is an increase in blood flow (14, 38) . This small local increase in blood flow, due to the local increase in diameter, promotes dilation in the upstream larger vessels, which sustains the increase in flow required to match the metabolic demand. Because eNOS activity regulates basal tone (MT) and is largely responsible for FMD, the eNOS dysfunction in the upstream vessels likely influences the control of CBF in small arteries of the parenchyma in ATX mice. In the present study, the increase in CBF (which ensures adequate oxygen and glucose supply to activated brain areas) in response to neuronal activity was slightly but significantly reduced with adulthood in WT mice. This reduction in CBF was very significant in 3-moold ATX mice and further impaired at 6 mo (Fig. 8B) . Because the changes in cortical CBF likely reflect the upstream adaptive responses to the downstream neuronal activation induced by whisker stimulation in our experiments, it is expected that this CBF response is highly dependent on the endothelial function, i.e., FMD, as tested in cortical cerebral arteries in vitro and evidenced by the positive correlation between these two parameters (Fig. 8C) . Locally, however, at the site of neuronal activity, other mechanisms than shear stress-mediated responses are involved: it is now clearly established that the neuron-toastrocyte signaling contributes to the regulation of CBF during neuronal activation (4, 19, 26) . Astrocytes can produce and release vasoactive substances such as dilatory NO, Fig. 7 . Correlation between the flow rate (from 0 to 25 l/min) applied to pressurized cerebral arteries isolated from 3-mo-old WT (n ϭ 10) or ATX (n ϭ 6) mice and the shear stress induced (from 0 to 50 dyn/cm 2 ). Data are means Ϯ SE of n mice. Fig. 8 . A: quantification of in vivo basal CBF (nl · s Ϫ1 · mm Ϫ2 ) measured in small plunging cerebral arteries (identified by the "X") using a Doppler OCT system in 6-mo-old WT (n ϭ 4) and ATX mice untreated (n ϭ 4) or treated (n ϭ 3) with CAT. B: effect of a 3-mo CAT (n ϭ 6) treatment on the increase in cerebral blood flow (CBF, %) following whisker stimulation, measured in vivo by laser Doppler, of 3-and 6-mo-old WT (n ϭ 6 and 5, respectively) and ATX (n ϭ 6 and 5, respectively) mice. cyclooxygenase-derived products, and epoxygenase derivatives (4, 19) and therefore participate in the local dilation of arterioles of the stimulated brain area and thus the local decrease in pressure; this fall in pressure is then responsible for the retrograde propagation of the dilation, as far as the cortical vessels, through shear stress.
Because the brain is totally dependent on a constant blood supply, lower hemodynamic responses in ATX mice are likely to have a physiological impact with time. Is the impaired dilatory function linked to the decrease in learning abilities in ATX mice? It has been suggested that brain hypoperfusion (18) and ROS generation (15) cause ultimately neuronal death. Accordingly, LDLR Ϫ/Ϫ mice fed a high-fat diet display hippocampal-dependent memory dysfunctions (33) . Our data suggest that the loss of learning abilities could be associated with the decline in eNOS activity associated with an abnormal ROS handling. This is supported by the fact that 1) WT mice did not loose their learning capacities within the 3-mo period, while in these mice the reduction of CBF was limited and the maximal eNOS function was maintained and that 2) catechin treatment normalized learning abilities, CBF responses, and eNOS function in 6-mo-old ATX mice. Our data are therefore the first to suggest a potential link between in vitro endothelial function, in vivo CBF responses, and the learning abilities, although we do not demonstrate causal links. Nonetheless, our data clearly show that catechin did not augment the resting CBF; it is possible that catechin only delayed the onset of the cognitive decline, and a longer period of observation should be performed to investigate the evolution of cognition with time in relation to a suboptimal resting CBF and shear stress. Fig. 9 . Effect of a 3-mo CAT treatment (n ϭ 18) on the learning capacities (escape latency, in s) (A), the calculated (linear regression) slope (%) of the escape latency curves (B), and the path (in cm) (C) of 3-and 6-mo-old WT (n ϭ 11 and 12, respectively) and ATX (n ϭ 12 and 14, respectively) mice. Data are means Ϯ SE of n mice. P Ͻ 0.05 vs. 3-mo-old ATX (*), vs. 6-mo-old ATX ( †), and vs. 6-mo-old ATX ( §).
It is striking that, unlike in the aorta, cerebral artery DHE-superoxide production is insensitive to dyslipidemia and even decreases with time. Yet endothelial dysfunction is obvious, and catechin prevents it. One could argue that the beneficial central effects of catechin are due to its peripheral anti-atherosclerotic activity: catechin clearly benefited to the aorta and reduced both oxidative stress and plaque size. Hence, circulating inflammatory factors, microparticles, or oxidative stress-modified proteins may influence the central vasculature. An alternative possibility is that the nature of oxidative stress is different in the cerebral arteries from that measured in peripheral arteries. We used DHE, which detects superoxide anions. One could speculate that hydrogen peroxide is more produced in the brain or that hydroxyl or peroxynitrite radicals are prominent in cerebral arteries in our model. These are speculative and would deserve a multimodal detection of oxidative stress in the brain compared with the periphery.
Mice were treated with catechin at the dose of 30 mg·kg Ϫ1 ·day Ϫ1 , as previously reported by our group (10). In humans, 50 mg of catechin are equivalent to one cup of black tea (200 ml) plus a small piece of dark chocolate (20 g) or two large apples (2) . It is, however, difficult to extrapolate dosage between mice and humans because of likely different pharmacokinetic profiles. To the best of our knowledge, there is no sufficient information available to estimate a reasonable catechin dose translation between mice and humans. In humans, catechin intake (from 25 to 124 mg) from tea or from other sources has been shown to be inversely correlated with ischemic heart disease mortality (2) and to reduce (24) or not the risk of stroke (2) . These inconsistencies have been reviewed recently (1) .
No cerebrovascular atherosclerotic lesions were observed in 6-mo-old ATX mice despite the presence of severe dyslipidemia, atherosclerotic plaque in the aorta and the carotid arteries, and endothelial dysfunction. In humans, atherosclerosis-related strokes are largely associated with peripheral atherosclerosis, including the carotid artery (13) . Intracranial artery atherosclerosis is rarely documented, but we know that, with age, cerebral arteries develop atherosclerosis: at bifurcations, arteries from the circle of Willis, isolated from 12-mo-old ATX mice, exhibit macroscopic atherosclerotic lesions, and this is associated with a severe cerebral endothelial dysfunction (unpublished data).
Our study has limitations: our data do not demonstrate the existence of a causal link between changes in CBF, FMD, and the learning abilities. Rather, it suggests a potential link between oxidative stress, the impaired cerebral endothelial function, the lower changes in CBF after neuronal stimulation, and the learning deficit in ATX mice. Our data demonstrate nonetheless that FMD and the change in cortical CBF are well correlated. The long-term effects of an impaired flow response are likely contributing to the decline in the learning capacities, but this needs to be confirmed.
Technically, we did not monitor blood Pa O 2 , Pa CO 2 , pH, cardiac output, or sympathetic nervous activity that may all influence CBF; however, neither HR nor blood pressure changed during the protocol. In addition, catechin can influence cardiac output, sympathetic nerve activity, and oxidative stress, which could in turn influence the changes in CBF and the learning abilities. These possibilities need therefore to be kept in mind during the overall interpretation of our results.
Basal CBF was measured using Doppler OCT, and no significant differences were found between the ATX and the ATX ϩ CAT mice. Doppler OCT measured basal flow in small arterioles over an area of 800 ϫ 800 m in our experiments. The small area covered may induce spatial sampling errors due to cortical flow heterogeneities. This would be expected to add variability to the data and thus diminish the ability of this technique to assess differences between groups. In addition, basal CBF was measured in the somatosensory cortex, but it is not clear that basal flow in this region correlates with cognitive performance.
We did not test different doses of catechin in the mice but rather a dose that proved to be cardioprotective (9) . Likewise, 3-mo-old WT mice were not treated with catechin, because, when given at an early age (from 3 to 6 mo old), catechin prevents the establishment of normal vascular antioxidant defenses, and it negatively affects the vascular endothelial function (unpublished data). In contrast, when catechin is given later to WT mice, from 9 to 12 mo old, for example, the antioxidant reverses age-related vascular dysfunctions (9) . It is therefore extremely difficult to compare the impact of an antioxidant treatment between healthy mice with normal free radical pathways and severely dyslipidemic mice with aberrant free radical handling. We tested the effects of a different antioxidant, unrelated to catechin, the N-acetylcysteine (1.0 or 2.0 g · kg Ϫ1 · day Ϫ1 , in the drinking water), in mice, but, because of its toxicity revealed by a high mortality rate and a weigh loss, we did not pursue this treatment (unpublished data).
Another limitation of our model is that we cannot differentiate neuronal nitric oxide synthase (nNOS) from eNOS activity in isolated cerebral arteries. Reduced NO bioavailability derived from an increase in oxidative stress, resulting from nNOS dysfunction or ONOO Ϫ formation, has been involved in cerebrovascular dysfunction (37) . Consequently, severe dyslipidemia may affect NOS functions, impairing both the neurovascular unit The effects of age (3-or 6-mo-old mice), of the disease status (WT or ATX mice), and of the duration (day 1 to day 5) of the Morris water maze test were considered.
communications via nNOS and the vascular response (via eNOS). This hypothesis would have to be tested in eNOS and nNOS knockout mice exposed to severe dyslipidemia.
In conclusion, although the chronic treatment with the polyphenol catechin in ATX mice did not affect dyslipidemia and did not augment resting CBF, it restored the endothelial dilatory function, the changes in CBF during neuronal stimulation, and the learning abilities, whereas it prevented plaque progression; all of these effects were accompanied by a significant reduction in cerebral and aortic oxidative stress. We therefore suggest that an early control of ROS production could be beneficial to prevent cognitive dysfunctions associated with risk factors for cardiovascular diseases such as severe dyslipidemia. If we extrapolate our experimental data to humans, they suggest that a healthy lifestyle could reduce cerebrovascular dysfunction and stroke, in agreement with a recent large epidemiological study (5) . 
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